Reversibly switchable fluorescent proteins (RSFPs) have attracted widespread interest for emerging techniques including repeated tracking of protein behavior and superresolution microscopy. Among the limited number of RSFPs available, only Dronpa is widely employed for most cell biology applications due to its monomeric and other favorable photochemical properties. Here we developed a series of monomeric green RSFPs with beneficial optical characteristics such as high photon output per switch, high photostability, a broad range of switching rate, and pH-dependence, which make them potentially useful for various applications. One member of this series, mGeos-M, exhibits the highest photon budget and localization precision potential among all green RSFPs. We propose mGeos-M as a candidate to replace Dronpa for applications such as dynamic tracking, dual-color superresolution imaging, and optical lock-in detection.
Reversibly switchable fluorescent proteins (RSFPs) have attracted widespread interest for emerging techniques including repeated tracking of protein behavior and superresolution microscopy. Among the limited number of RSFPs available, only Dronpa is widely employed for most cell biology applications due to its monomeric and other favorable photochemical properties. Here we developed a series of monomeric green RSFPs with beneficial optical characteristics such as high photon output per switch, high photostability, a broad range of switching rate, and pH-dependence, which make them potentially useful for various applications. One member of this series, mGeos-M, exhibits the highest photon budget and localization precision potential among all green RSFPs. We propose mGeos-M as a candidate to replace Dronpa for applications such as dynamic tracking, dual-color superresolution imaging, and optical lock-in detection.
(F)PALM/STORM | mEos2 | mGeos | superresolution microscopy P hotoactivatable fluorescent proteins (PAFPs) are molecules that switch to a new fluorescent state in response to irradiation with light of a specific wavelength (1, 2) . There are three classes of PAFPs: dark-to-bright photoactivators, irreversible photoconverters, and reversible highlighters (1) . The third class of PAFPs, also termed RSFPs (reversibly switchable fluorescent proteins), can switch between the active and nonactive states multiple times, thus offering a distinct advantage over the first two classes. Only RSFPs can be used for repeated measurements of protein movements in live cells (3) and for the emerging technique of optical lock-in detection (OLID) (4) . Moreover, RSFPs possess all the fundamental requirements to be useful for rewritable ultrahigh density optical data storage (5, 6) . In addition, RSFPs demonstrate great potential for use in recently developed superresolution microscopy techniques, such as reversible saturable optical fluorescence transition (RESOLFT) microscopy with ultralow light intensities (7, 8) and photoactivated localization microscopy (PALM) (9) or stochastic optical reconstruction microscopy (STORM) (10) , or fluorescence photoactivation localization microscopy (FPALM) (11) [collectively referred as (F)PALM/STORM].
In the applications mentioned above, different optical characteristics are emphasized for different purposes. For example, high photon output and photostability are desirable for higher precision in superresolution microscopy, whereas improvements in switching rate will result in a faster sampling rate in OLID (4) . Unfortunately, there is only a limited number of RSFPs in the palette of PAFPs, and further innovations are required to optimize their optical properties for the desired applications. Dronpa is currently the RSFP of choice for most cell biology applications, mainly because it is monomeric and because it is the brightest among the PAFPs. However, the poor localization precision potential of Dronpa (26 nm) (12) limits its wide application in (F)PALM/STORM experiments, which could partly be due to its fast off-switching kinetics and hence less photon output per switching cycle. An attempt to find Dronpa variants with slower off-switching rate has led to the identification of PDM1-4 (13). Unfortunately, PDM1-4 was prone to form tetramers and did not show improvement in photon output. In addition, PDM1-4 has worsened photostability and less contrast between on and off-states (see Table S1 ). mEos2 is a monomeric, irreversible green-to-red photoconverter which demonstrates the highest localization precision potential in (F)PALM/STORM (14) . In the present study, we identified a series of green mEos2 mutants with reversibly switching property. The developed green mEos2 mutants, hereafter collectively termed mGeos (stands for monomeric Green Eos), differ from each other in only the first position of the tripetide (XYG) of the chromophore and demonstrate varied optical characteristics such as photoswitching rates, photon outputs, photostabilities, and acid sensitivities. This diversity makes them potentially useful tools for various applications in diffraction-limited and superresolution imaging.
Results
Development of a New Series of Green RSFPs. To eliminate the green-to-red conversion, we first tried to mutate mEos2 at two key sites (His62 and Glu212) (Fig. S1 ), which are important in photoactivated conversion. Glu212 has been shown to be a key residue for the provision of a proton that allows the formation of the red chromophore upon UV illumination (15) . However, with the exception of the dim fluorescence of E212D, no Glu212 mutants demonstrated fluorescence, suggesting that Glu212 also plays a pivotal role in the formation of the green chromophore (16) . It has been shown that the first position of the tripetide (HYG) of the chromophore is important for green-to-red conversion in EosFP (17) . We thus performed series mutations in the same position in mEos2 (His62) and found that many of them yielded green species with no conversion ability. Interestingly, the His62 mutants of mEos2 can be switched on and off for many times and constitute a unique series of green RSFPs, which we named mGeos here. Similar to Dronpa, mGeos could be turned Author contributions: J.Z., P.X., and T.X. designed research; H.C., M.Z., W.J., J.C., Y.Z., B.L., and J.L. performed research; H.C., M.Z., and Y.Z. analyzed data; and P.X. and T.X. wrote the paper.
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This article is a PNAS Direct Submission. off by 488-nm laser light and be reactivated by 405-nm laser. mGeos demonstrate similar spectral properties with maximum excitation between 501 nm and 505 nm, and maximum emission between 512 nm and 519 nm, similar quantum yields (0.72-0.85) and extinction coefficients (52;000-77;000 M −1 cm −1 ) ( Fig. 1 A and B and Table 1 ). Notably, some mGeos demonstrate extremely high brightness (which is the product of extinction coefficient and quantum yield). For example, the brightest mGeos, mGeos-C (with a cysteine mutation at residue His62), is 81%, 186%, and 133% as bright as Dronpa, EGFP, and mEos2, respectively.
Characterization of the mGeos Family. We performed photoswitching experiments in HeLa cells transfected with untagged mGeos under confocal microscopy. The results suggest that the majority of the mGeos demonstrate fluorescence enhancement of approximately 20-fold upon switching on from their off-states, which is equivalent to that of Dronpa but better than PDM1-4 (Table S1 ). Analysis of the photobleaching fraction per cycle showed that mGeos displayed varied photostabilities. For example, mGeos-I, -T and -V were much more photostable than Dronpa (Table S1) , while the photostabilities of mGeos-M, -S, and -N were nearly the same as that of Dronpa but were better than PDM1-4, mGeos-C, and -F.
It is interesting that although these mGeos varied at only one residue in the first amino acid of the chromophore (XYG), they displayed different optical characteristics. First, they possessed varied photoswitching kinetics ( Fig. 1 C and D, Fig. S2 and Table S1 ). For instance, the off-switching half-time of the slowest, mGeos-F, was 52.28 s, 1.45-fold longer than that of PDM1-4 and 3.78-fold longer than that of Dronpa. Several mGeos (mGeos-A, -E, -I, -L, -Q, -T, and -V) showed a much faster off-switching rate than did Dronpa (Table S1 ). To generate mutants with even faster switching rates, we added the F173S mutation (18) to mGeos and found several unique RSFPs with even faster off-switching rate. As an example, the off-switching half-time of the fastest mGeos, mGeos-ES (H62E and F173S mutant), was 33% of that of rsFastLime (19) , the fastest off-switching RSFP known to date (Fig. 1D, Fig. S3 ). Moreover, we found that the different residues at the first site of the chromophore caused mGeos to possess different pK a values ranged from 4 to 7 in the on state (Table 1 and Fig. S4 ). mGeos-E demonstrated higher acid sensitivity (a pK a between 6-6.5) than did Dronpa and mEos2, which suggests that it could be used as an intracellular pH sensor. In contrast, mGeos-M showed a remarkable pH stability (a pK a between 4.5-5), which could be very useful when used as a fusion partner in acidic environments, such as the lumens of secretory vesicles and lysosomes. To further analyze photoswitching behavior of mGeos-X and Dronpa, purified biotin-conjugated mGeos-X and Dronpa were diluted and immobilized to streptavidin-coated cover glasses and the molecules that are turned on by 491 nm were counted. Using a previously described method (20-23), we observed more on/off switching of mGeos-E than those of other mGeos when excited by 491 nm alone (Fig. S5A ). It is possible that mGeos-E can be weakly switched on by 491 nm because its dark-state exhibited higher absorbance at 491 nm than mGeos-M (Fig. S5B ). We verified that spontaneous recovery of mGeos-E from dark to fluorescent state ( Fig. S5 C-D) is very slow as compared with Dronpa-M159T (19) and mApple (24) . Taken together, these properties suggest the potential application of mGeos-E in PALM with independently running acquisition (PALMIRA) (25) .
mGeos Afford Excellent Fusion Partners Like mEos2. We speculated that while the mutations at the external β-sheet sites would influ- (14, 19) and (32) . The quantum yield (QY) and extinction coefficient (ϵ) of mGeos-X were measured in PBS (pH ¼ 7.4) for their on-states.
ence the oligomeric characteristics of mEos2, the His62 mutants at the internal chromophore site would not. Indeed, our gel filtration analysis of purified mGeos (mGeos-C, M, S, F, E, and L) showed oligomeric characteristics similar to that of mEos2 (Fig. S6 ), suggesting that they are suitable, just like their parent, for protein fusion and labeling in the study of living cells. To further investigate mGeos' performance in living cells, we observed mGeos fusion proteins transiently expressed in HeLa cells and HEK293 cells using confocal microscopy. Either Cterminal fused β-actin or N-terminal fused α-actinin localized, as expected, in the same manner as those labeled with mEos2 (14) or Dronpa ( Fig. 2 and Fig. S7 ). The fusion of mGeos with a mitochondrial sorting peptide showed accurate localization in mitochondria (Fig. 2) . We also observed that mGeos fused to H2B interfered with neither mitosis nor interphase (Fig. 2 and  Fig. S7 ). These results suggest that mGeos can provide excellent fusion partners for biological imaging in living cells because they possess the same oligomeric characteristics as mEos2. PAFPs used for superresolution imaging should have large photon output and a good balance between photobleaching and photoswitching (1, 2). We selected mGeos with slow off-switching kinetics (mGeos-N, -K, -F, -C, -S, and -M) for (F)PALM/STORM experiments in the hope for identifying better probes with higher number of emitted photons per switching cycle. mGeos fusions with β-actin were expressed in HeLa cells, and the total photon number per switching cycle and the localization precision potential were detected and analyzed as previously described (9) . We found that mGeos-M had the highest number of photons collected per switching cycle and hence the highest localization precision potential of all the green RSFPs (Fig. 3A, Table S2 ). We propose that the long off-switching half-time of mGeos-M, which is 152% that of Dronpa, and its strong photostability may contribute to a higher photon output (Table S1 ). mGeos-S and -F are also excellent probes for superresolution imaging, with higher photon outputs (Fig. 3A, Table S2 ). To test the best localization precision potential we can achieve with mGeos-M, we optimized the gain, excitation laser power, pixel size and frame frequency. We obtained a median photon output of 387 and a localization precision potential of 12 nm for mGeos-M (Fig. 3 H-I) , which is better than that of Dronpa (269 and 15 nm, respectively, collected under identical conditions) with statistical significance. As a result, finer actin structures could be observed when labeled with mGeos-M (Fig. 3C ) than those labeled with Dronpa (Fig. 3B) . (12) or Dronpa (12), produced limited photon outputs. To demonstrate the suitability of mGeos for dual-color (F)PALM/ STORM, we labeled β-actin and α-actinin with mGeos-M and PAmCherry1, respectively, and coexpressed them in HeLa cells. Under TIRF imaging, β-actin and α-actinin seem to colocalize on stress fibers (Fig. 4 A-C) . However, dual-color (F)PALM/ STORM imaging revealed that punctate α-actinin periodically distributed in or between β-actin fibers (Fig. 4 D-F) , as previously described (26, 27) . Quantitative analysis revealed that mGeos-M and PAmCherry1 gave similar localization precision potential (approximately 10 nm) under our dual-channel imaging setup (Fig. 4 G-I) . For dual-color imaging, it is critical to know to what extent each label correctly identifies its associated target proteins. This is assessed by means of dual-channel crosstalk experiments in Fig. S8 . Our results demonstrated minimal leak through of mGeos into the red channel and virtually no overlap between mGeos-M and PAmCherry1 when they were attached to two differently localized proteins.
Discussion
In summary, our study revealed a unique strategy for generating RSFPs of different optical characteristics by mutating the first position of chromophore residues, but not the sites in the vicinity of the chromophore. The distinguished properties of mGeos developed here expand our current tool kit of PAFPs and allow for broad applications in dynamic live cell imaging and superresolution imaging. For example, the excellent photostability of mGeos-I, -T, and -V enables long-term pulse-chase imaging.
The faster on/off switching rate and higher photon output make mGeos-E and -L better tools than rsFastLime for repeated tracking and for the generation of high-contrast images of special structures and macromolecules using the OLID method. Furthermore, mGeos-M preserves the same oligomeric character and the approximately 10 nm localization precision potential of its parent mEos2 (14) . As a dark-to-green PAFP with outstanding photochemical properties, mGeos-M is also suitable for multicolor superresolution microscopy when paired with other PAFPs of different colors. Thus, mGeos-M should be an excellent candidate to replace Dronpa for applications such as dynamic tracking, dual-color superresolution imaging, and optical lock-in detection. During the submission of this manuscript, a unique reversibly switchable enhanced green fluorescent protein (rsEGFP) was identified. The ability of rsEGFP to be reversibly photoswitched for many times enables superresolution imaging that is similar to stimulated emission depletion (STED) microscopy but operates at 10 6 times lower levels of light (8) . Interestingly, some of the mGeos (mGeos-ES and -LS) have fast off-switching rates and multiple reversibility like rsEGFP, suggesting that these probes can find potential application in this unique, low-lightlevel RESOLFT microscopy.
Because mGeos have different photoswitching kinetics but only one different residue, located at the first position of XYG, they should provide a good start for a comparative study of the mechanism of reversible photoactivation in FPs using nuclear magnetic resonance or X-ray analysis. Light-driven switching of RSFPs generally involves an isomerization of the chromophore, frequently coupled with a change of its protonation state (18, 28, 29) . Similar to Dronpa and its derivatives, mGeos show two absorption peaks: a major peak at approximately 502 nm and a minor peak at 388 nm ( Fig. 1 and Fig. S4 ), which can be mapped to the (fluorescent) deprotonated and the (nonfluorescent) protonated forms of the chromophore (28) . The existence of the two forms suggests that light might induce a structural rearrangement with the different protonation states of the chromophore. Based on the structures of the mEos2 homologs EosFP (15) and IrisFP (29) , X in XYG of mGeos is located at the far end of the chromophore away from Tyr-63, but near Glu-212 and Gln-38, which play pivotal roles in stabilizing the planar structure and π-system of the chromophore by hydrogen-bonds through a water molecule. We speculate that different X in XYG may interact with different amino acids near the chromophore, and indirectly influence the protonation equilibria of the Tyr-63 by changing electrostatic surface potentials and the large π-system. For example, the hydrophobic amino acids (V/I/A/L) may interact with Leu-210 and/or Met-40 near the chromophore through hydrophobichydrophobic interaction, which may favor the protonated form of the chromophore upon light illumination to give the fast mGeos variants (Fig. S2) . It is not clear how X residues could influence the isomerization between a trans (off) and cis (on) states. It is likely that different sized X residues at the distal side of the chromophore may use a unique way to affect chromophore isomerization. Refined structure determination and comparison between mGeos are needed to reveal the exact mechanism of photoswitching.
Materials and Methods
Design and Generation of a Series of Bright Green Dronpa-like Fluorescent Proteins Based on mEos2. We produced unique reversibly photoactivatable proteins based on mEos2. This molecule was selected because its green state is brighter than that of EGFP and it is highly homologous to Dronpa, a reversibly photoactivatable green fluorescent protein. Based on a structure analysis of wild-type EosFP (15) , two positions (Glu212 and His62) were selected for random mutations. Site-specific random mutations of mEos2 were performed based on pRSETa-mEos2 (Addgene plasmid 20341) using the polymerase incomplete primer extension (PIPE) method (30, 31) . Nineteen kinds of E212X and 19 kinds of H62X plasmids were sequenced, purified and transfected into Escherichia coli strain BL21 (DE3). These colonies were analyzed using a widefield upright fluorescence microscope (Stereo Discovery V8, Carl Zeiss) and the blue light was generated by X-cite 120PC (mercury lamp) with proper filter set. Then mutants were analyzed by FV1000 microscopy (Olympus) to confirm if those mutants lost the conversion from green to red (as compared to mEos2 as a control) using 488 nm and 561 nm laser to image and 405 nm laser to activation. To separate these probes from mEos2, the new reversibly photoactivatable proteins were denoted mGeos (mGeos-X denotes mEos2 H62X mutant). To obtain mutants with faster photoswitching kinetics, we also used the PIPE method to introduce the F173S mutation into mGeos (which we termed mGeos-XS, indicating mEos2 H62X and F173S double mutant). As controls, rsFastLime (Dronpa V157G) and PDM1-4 (Dronpa K145N) were generated from Dronpa (Amalgaam Inc.) (3) using site-specific mutations.
Plasmid Construction. All the mGeos' cDNAs were cloned into the BamHI/Not I sites of pEGFP-N1 (Clontech) and the NheI/BglII sites of pEGFP-C1 (Clontech) to replace the EGFP gene and generate pmGeos-N1 and pmGeos-C1. The full-length Homo sapiens H2B and α-actinin (Proteintech Group, Inc., China) cDNAs with NheI/XhoI sites were PCR-amplified and inserted into pmGeos-N1. β-actin (Proteintech Group, Inc., China) was cloned into a pmGeos-C1 vector. To generate pmGeos-Mito, cDNAs of mGeos containing AgeI/NotI sites were PCR-amplified and swapped with the Hyper gene in the pHyper-dMito vector (Evrogen). Synthetic DNA primers for cloning and site-specific random mutations were purchased from Invitrogen. All mutants were sequenced (The Beijing Genomics Institute, China) before further analysis. The Restriction Enzymes were purchased from New England BioLab Inc.
Protein Expression and Purification. Proteins of mEos2, Dronpa, EGFP, and all mGeos were expressed in the E. coli strain BL21(DE3) and purified using an Ni-NTA His-Bind resin (Qiagen), followed by a gel filtration step using a Superdex 200 column (GE Healthcare). For further analysis, purified proteins were concentrated by ultrafiltration and diluted in phosphate buffered saline (PBS).
Measurement of Spectral Properties and pK a . Proteins were first diluted in PBS (pH ¼ 7.4) to limit UV absorption under 0.1 so that quantum yields could be accurately measured. Then, the absorption, excitation/emission spectra were immediately recorded using an Agilent 8453 UV/V spectrophotometer and an Edinburgh Instrument FLS920, respectively. For the emission spectra, mGeos were irradiated with 503-nm light. To determine the fluorescence excitation spectra, the fluorescence was recorded at 513 nm. The fluorescence quantum yields and the molar extinction coefficients at the respective absorption maxima were determined relative to the reported value for mEos2 (14) (quantum yield: 0.84, molar extinction coefficient at 506 nm: 56;000 M −1 cm −1 ). For pK a measurement, purified mGeos dissolved in PBS (pH ¼ 7.4) were diluted 1∶20 in either glycine-hydrochloric acid buffers (for pH ≤ 5) or sodium phosphate buffers (for pH ≥ 6) with pH values ranged from 3-11, and the absorption spectra were immediately recorded. The pK a value was taken as the pH value where the absorption reached 50% of the maximum. To measure the offstate absorption of mGeos-E and -M, purified proteins were first illuminated by 491 nm laser to nonbright state and then measured as described above.
Relaxation Half-time Measurement. The protocol was used as described before (19, 32) . Purified proteins of mGeos-F, C, S, M, E, and L were first photoswitched to their off-states using a 40 mW 491 nm laser. Then, the relaxation curves from off-state into thermal equilibrium state were obtained in a Varioskan Flash spectral scanning multimode reader (Thermo Scientific) with 96-well optical bottom plates (Nunc) for about 14 h at 25°C. A weak blue light (490 AE 6 nm) was used to read the data at 520 nm every 4 min during those period. And then, the determination of relaxation half-time for mGeos-F, C, S, M, E, and L were based on single exponential function fitting of the curves. The relaxation half-time of Dronpa was taken from ref. (19) .
Cell Culture, Transfection, and Fixation. HEK293 cells and HeLa cells were cultured in DMEM complete medium (Gibco) supplemented with 10% fetal bovine serum and maintained at 37°C and 5% CO 2 in a humidified incubator. Cells were then transiently transfected using Lipofectamine™ 2000 (Invitrogen) in accordance with the manufacturer's protocol. After transfection, the cells were grown in DMEM complete medium for 24 h. For (F)PALM/STORM imaging, cells were grown in IMEM (Gibco) or DMEM complete medium without phenol red. Cells were recultured on cover slips (Fisher Scientific) for another 24 h and then fixed with 4% (w∕v) para-formaldehyde (for (F)PALM/ STORM imaging, 3% (w∕v) para-formaldehyde and 0.5% glutaraldehyde were used) in PBS for 20 to 40 min at room temperature, washed three to five times with PBS and stored in PBS until imaging.
Analysis of the Switching Kinetics of mGeos.
To analyze the switching kinetics of mGeos, we used an FV1000 Laser Scanning Confocal Microscope (Olympus) to acquire images. HeLa cells were transfected with pmGeos-N1 plasmids and fixed with 4% (w∕v) para-formaldehyde in PBS (pH ¼ 7.4) on cover slips. To activate and bleach mGeos we used lasers with wavelengths of 405 nm and 488 nm, respectively, and recorded the off-switching images. We repeated on/off switching until we observed considerable photobleaching. During the entire experiments, scanning speed, gain, amplification, and off-set value were held constant. Because the difference in photoswitching half-times between mGeos-X and mGeos-XS, we used different 488 nm laser powers (the laser intensity and density were 9 μW and 127 mW∕cm 2 for Fig. 1C and Fig. S2 , 0.6 μW and 8 mW∕cm 2 for Figure 1D , 2.4 μW and 34 mW∕cm 2 for Figure S3 , respectively). In all switching experiments, the 405 nm laser power was kept the same (intensity: 24 μW; density: 338 mW∕cm 2 Þ: The values of off-switching half-time for mGeos-X, Dronpa, PDM1-4, mGeos-XS, and rsFastLime in Table S1 were calculated based on curves in Fig. 1C and 1D . The off-switching fluorescence percentage and bleaching percentage in Table S1 was the mean value measured based on cycles in Figs. S2 and S3. The ROI value was marked and read out by Image J software (NIH) and analyzed using Igor Pro 5.0 (Wavemetrics).
Confocal Microscopy and Cell Imaging. Confocal microscopy images of mGeos were obtained using an FV500 Laser Scanning Confocal Microscope (Olympus). All the figures were produced using a 60X 1.4 NA objective and a 488-nm laser. Images were quantified and analyzed using an Olympus FluoView Viewer (Japan).
(F)PALM/STORM Setup. (F)PALM/STORM imaging of Dronpa and mGeos was performed as previously described (9, 33) . We used an Olympus IX71 inverted microscope equipped with a 100X, 1.45 numerical aperture (NA) oil objective (Olympus PLAN APO). The fluorescence signals were acquired using an electron-multiplying charge-coupled device (EMCCD) camera (Andor iXon DV-897 BV) and high-quality filters (Chroma, 49002 ET-GFP) for mGeos-X and Dronpa imaging. The maximum power near the rear pupil of the objective was 8.74 mW for the 405 nm laser (LASOS), 4.13 mW for the 491 nm laser (Cobolt Dual Calypos™), and 2.54 mW for the 561 nm laser (Cobolt Jive). The intensity of the 405 nm laser was set so that it only activated a few molecules in each frame. For two-color imaging, we used filters from Semrock (Di01 − R488∕561 − 25 × 36 and FF01 − 523∕610 − 25) and added an Optosplit II (Cairn) with three filters from Semrock (FF03 − 525∕50 − 25, FF01 − 617∕ 73 − 25, and FF560 − Di01 − 25 × 36). In fixed-cell experiments, samples transfected with reversibly photoactivatable proteins were imaged using a 100X oil objective with a 1.6X amplification adaptor. The EMCCD camera gain was set to 300 throughout all (F)PALM/STORM imaging experiments, and a frame rate of 5 Hz was used.
Single Molecule Immobilization for On/Off Switching Analysis. For single molecule localization measurements in vitro, fluorescence proteins were labeled as described previously (9) . Purified mGeos were incubated with biotinamido hexanoic acid 3-sulfo-N-hydroxysuccinide ester (BAC-SulfoNHS) (BK101, Sigma) in a sodium phosphate buffer solution for approximately 30 min, at which point the biotin-labeled proteins were isolated by gel filtration column (Sephadex G-25M). To keep fluorescence proteins immobilized, cleaned cover glasses were treated with 5 μL of 1 mg mL −1 biotin-BSA and 5 μL of 1 mg mL −1 streptavidin sequentially for 5 min. The cover glasses were then washed twice, and 5 μL of 0.01 μM biotinylated mGeos were incubated on cover glasses. Finally, the cover glasses were placed in PBS buffer (pH ¼ 7.4). Single molecules were imaged as described above. Using 491 nm laser alone, on/off switching (or blinking) events were calculated as the number of localizations within an interval localization spacing of 30 nm.
(F)PALM/STORM Images Analysis. Data analysis and superresolution image reconstruction were performed as previously described (9, 34) . Briefly, a wavelet transform algorithm (35) with a proper threshold was used for single molecule detection, and the localizations of the molecules were determined by finding local maxima with a mask of 5 × 5 pixel. If two molecules occurred at the same pixel (AE1) in successive frames, they were considered to arise from the same molecule, and they were summed across the common fit window (7 × 7 pixel). Then the raw images of molecules in the fit windows were background subtracted and the pixel values were converted to numbers of photons using the camera calibration factor provided by EMCCD manufacturer (Andor). After that, all molecules were fitted with a two dimensional Gaussian using MLE_GPU algorithm (36) to obtain the number of photons (N) and the standard deviation of the PSF (s). The background noise per pixel (b) was determined by taking the standard deviation of the intensity (in photons) of an illuminated area in a raw image where no single molecules are visible. Finally, the localization precision potential for each localized molecule was calculated using Eq. 17 in ref. (37) . For Fig. 3A and Table S2 , we used a low threshold (k ¼ 3) in wavelet transformation in order to collect more molecules in burst events. For Fig. 3 B-I, we used a higher threshold (k ¼ 4) for better resolution in superresolution images.
